Abstract. The ultimate torque of reinforced concrete (RC) members strengthened with fiber reinforced polymer (FRP) sheets does not only depend on the torque of RC members, but also on the FRP contribution to the torque. For structural design, predicting the accurate torsional capacity of the strengthened beams is considerably important. Three existing models for calculating the ultimate torsional moment of RC beams and two existing models for computing the FRP contribution to the ultimate torque are described and combined. Based on an experimental database collected from existing literature, six combinations were discussed and evaluated from the calculative values compared with the experimental results. The comparison shows that the combination of ACI 318 and fib Bulletin 14 models (Group 2), as well as Chinese and Ghobarah models (Group 6), can reasonably and accurately predict the ultimate torque of beams strengthened with FRP sheet. Furthermore, the ultimate torque of six boxsection beams strengthened with fully wrapping or U-wrap calculated by the Group 6 shows closely to the experimental results.
Introduction
Since the beginning of the present century, researchers have paid much attention to the torsional behavior of reinforced concrete (RC) beams strengthened with fiber-reinforced polymer (FRP) sheets by experimental investigation [1] [2] [3] ; however, very few models exist to predict the ultimate strength of strengthened RC beams. The fib Bulletin 14 [4] proposed equations to calculate the ultimate torsional moment of strengthened beams involving two typical failure patterns, namely, FRP fracture and debonding. Ghobarah [2] proposed a model of the torsional moment contributed by externally bonded FRP and assumed that the mean ultimate strain of fiber was approximately 0.003, as indicated by experimental records. These two models assumed that no interaction exists between the RC and FRP sheets, which contributed to the torsional capacity of the beam. Deifalla and Ghobarah [5] used the compression field theory to propose a series of equations to predict the complete behavior of strengthened RC beams with FRP. On the basis of the softened membrane model for torsion, Zojaji and Kabir [6] developed a computational procedure to predict the full torsional behavior of strengthened beams subjected to torsion. Although complete procedure analysis can accurately predict the torsional behavior, the models need a trial-and-error algorithm for iteration to calculate each point of the torsional moment versus the angle of twist curve. For obtaining the torsional capacity of beams strengthened with FRP in design, the full computational procedure is made to be considerably complicated but difficultly accessible. The use of available models to calculate the precise torque of strengthened beams does not only depend on the contribution of RC beam but also on the contribution of FRP. To determine which model for computing the torsional strength of RC beam combined with existing torsional contribution of wrapped FRP is more accurate in calculating the ultimate torque of strengthened beam with FRP, this study presents three models to compute the ultimate torque of RC beams and two models to calculate the FRP contribution for torque. On the basis of the experimental data collected from the literature, the combination of models and comparison of ratios are discussed and evaluated to identify the appropriate models for reasonably and accurately predicting the ultimate torque of strengthened beams.
Models of Torsional Strength of Reinforced Concrete Beams

Rahab model [7]
The model was proposed by hollow tube analogy, which was a simple method to predict the ultimate torque of RC beam subjected to torsion. This model showed that the torsional strength was correlated with the volume of the stirrup and longitudinal reinforcement of beams. The equation was deduced from the relationship between the ultimate torque and the ultimate shearing stress in the walls of the equivalent tube as follows:
where T uc is the ultimate torque of the RC beam section; A c and p c are the outer area and the perimeter of the beam cross section, respectively; and v u is a nominal shear stress related to transverse and longitudinal steel and concrete compressive strength, which can be calculated from the curve based on the results of modified compression field theory [7] .
ACI model [8]
The equation designed to calculate the ultimate torque of RC beams recommended by ACI 318-2011 [8] is:
where A cor is the gross area enclosed by shear flow path; A t is the area of stirrup; f yv is the yield strength of stirrup; S t is the spacing of stirrups, and θ is the angle of the diagonal crack with respect to the horizontal axis of the beam. θ shall represent 45° for RC members and 37.5° for pre-stressed members. The equation assumed that the torsional resistance is afforded by mainly closed transverse reinforcement. The outside concrete of these stirrups is comparatively invalid.
Chinese code model [9]
The torsional strength of RC beams is obtained by the contribution of concrete tensile strength and the contribution of transverse and longitudinal reinforcement in the following models:
where f t is the tensile strength of concrete; W t is the plastic resistant moment of the cross section of torsional members; ζ is the strength ratio of longitudinal reinforcement to transverse reinforcement; f y and A sl are the yield strength and area of longitudinal steel, respectively; and u cor is the perimeter of the center line of the shear flow. In the subsequent equations, W t should be considered when a different cross section of members uses different equations to calculate the rectangular and box beams as follows:
for box beam (6) where b, h, and t corresponding to the width, height, and web thickness of the box beam.
Models of FRP Contribution for Torsional Strength
fib model [4]
The externally bonded FRP to beam provides the contribution to the torsional capacity of beams, of which the contributions of full wrapping and U-jacketing wrapping are calculated as follows:
For full wrapping with CFRP in fracture controls, effective strain is computed as follows:
For U-jacketing CFRP wrapping, the effective strain depended on fracture and peeling off, which is computed as follows:
where T f is the torsional strength of FRP contribution, E f is Young's modulus of the FRP, ε fe is the effective strain in the fiber, t f is the thickness of FRP, s f is the spacing of FRP strips, w f is the width of FRP, f c is the concrete compressive strength, and p f = 2t f w f / bs f , which represents the FRP reinforcement ratio.
Ghobarah model [2]
This model assumed that the average ultimate strain of fiber was approximately 0.003; thus, the equation was proposed by simplifying the fib model as torsional capacity of full and U-jacketing FRP contribution, which is computed as follows:
The equation shows that that the angle of the diagonal crack with respect to the horizontal axis of the beam θ is at 45° for RC members, and the equation is only applicable for the vertical fiber wrap of transverse fiber with respect to the longitudinal axis of the beam. For U-jacketing FRP torsional contribution, the torque is equal to half of full wrapping. The total torsional moment of the beam
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02006-p.3 strengthened with FRP can be computed by combining the torsional contribution of the RC beam and the contribution of the externally bonded FRP as follows:
Database Collection
A full database consisting of 28 experimental beams (Table 1 ) was utilized to compare the theoretical torsional moment of FRP strengthened beams with the experimental results. The database was collected from the existing literature [1, 2, [10] [11] [12] , which included different cross-sections, such as rectangular and box beams, strengthening configuration of full wrapping with strips or continuous sheets and U-shaped beams, and beams without internal stirrups. The values of the database were obtained from 6 beams with box cross section and 22 beams with rectangular cross-section. In the database, 5 beams strengthened with U-jacketing strips or continuous sheets, 6 beams strengthened with complete wrapping, and 17 beams wrapped with full strips were clearly identified. 6 rectangular beams without transverse reinforcement were also included in the database. The properties of the strengthened RC beams such as cross section dimension, concrete compressive strength, stirrup and longitudinal steel properties, FRP strengthening configuration, and FRP properties are listed in Table 1 .
Comparisons and Discussions
Assuming that no correlation exists in the contribution of the torsional moment between RC beam and FRP wrapping [2] , the total ultimate torque should be computed by two-part addition. Therefore, the discussion above described the equations to calculate the torque of non-strengthened beam and those for calculating the torsional contribution of FRP wrapping. The experimental ultimate torque for calculating ratios, average values, and standard deviations through six combinations are listed in Table  2 . As shown in the According to all the group comparisons, Groups 2 and 6 showed relatively reasonable and close results compared with the experimental values, which are particularly dotted in Figure 1 . Two groups display the same case with the ratio distributed between two lines, but the ratio is very close to the line of T exp / T cal = 1. The calculation values are fully conservative at the high level of the torsional moment, but at the low level, some values are conservative and some are overestimated. Removed the highly overestimated calculative values of the literature [2] , Group 2 and Group 6 can more accurately estimate the ultimate torque of strengthened beams. However, the combination of Chinese model and Ghobarah model (Group 6) can predict the ultimate strength of RC box-section strengthened with fully wrapping or U-wrap precisely which can be clearly found from the results of six strengthened box-section beams in Table 2 .
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Summary
Three models for calculating the torsional strength of RC beams and two models for computing FRP torsional contribution to strengthened members have been described. Assuming that no relationship exists between these two parts, the total ultimate torque of strengthened members can be obtained by the torsional strength of the RC beams and the torque of the FRP contribution. Six groups were 02006-p.6
combined using different models from two parts. 
